The extrusion behavior of Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 metallic glasses in the supercooled liquid region was investigated. Good extrusion formability was observed under low strain rates at temperatures higher than 395°C. The metallic glasses were fully extruded without crystallization and failure within the range of T =395-415°C under strain rates from 5 × 10
Introduction
Bulk metallic glasses (BMGs), developed as structural amorphous metals, have generated great interest due to their high specific strength, excellent corrosion and wear resistance and low thermal conductivity [1] [2] [3] . It has been well documented that the deformation in BMGs has two modes, namely, inhomogeneous and homogeneous [4] [5] [6] [7] . Normally, at temperatures of about 100 K below the crystallization or glass transition temperature, BMGs exhibit an inhomogeneous deformation, which is localized in discrete and thin shear bands. It gives rise to a low ductility for BMGs. However, with increasing temperature, the deformation mode changes from inhomogeneous to homogeneous deformation at a temperature of about 0.7 T g (T g is the glass transition temperature), and BMGs will exhibit superplasticity due to Newtonian viscous flow. This behaviour allows BMGs to be shaped and formed in the supercooled liquid region. Therefore, superplastic forming can be used for making components from metallic glasses [8] . However, compared with the numerous reports on the alloy compositions and properties, there are relatively few published results on the forming behavior of BMGs. Thus, in this work, the extrusion behavior of a Zr-based BMG was studied in the supercooled liquid region, aiming at clarifying the effects of the extrusion temperature and the strain rate on the extrusion behavior of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass.
Experimental procedure
The rods of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 BMG were prepared by injection of the liquid alloy into a copper mould with a diameter of 5 mm. The thermal property was ascertained by differential scanning calorimetry (DSC), and the result indicated that the amorphous alloy exhibited a glass transition at 340°C, and the onset temperature of the crystallization was 430°C, as reported in Ref. [9] . The structure of the ascast samples before and after extrusion was characterized by X-ray diffraction (XRD). The extrusion tests were carried out on a MTS machine at the temperatures ranging from 355°C to 415°C under an initial strain rate of 5 × 10
. To reduce the friction force between the mould and the samples, graphite powders were used as the lubricant. The samples were heated to each temperature, and the temperature was kept for about 300 s before extrusion. The extrusion ratio r is about 1.73, which was calculated by the definition of r =D 2 /d 2 , (d and D are the inner diameter of the die and the original diameter of the sample, respectively), and the inner diameter of the extrusion die is 3.8 mm. To study the effect of the strain rate on its extrusion behavior of the BMG, 
Results and discussion
Fig . 1 shows the optical image of the samples fully extruded at 415°C and those partially extruded at 375°C. No cracks can be found on the surfaces of the two samples. The XRD patterns obtained from the as-cast and the extruded samples are present in Fig. 2 . The XRD patterns of all the samples exhibit a diffuse halo, indicating that the as-cast alloy is in the complete amorphous state, and the extrusion at the given conditions does not lead to the perceptible crystallization in the BMG.
The temperature dependence of the load-displacement curves at an initial strain rate of 5 × 10 − 3 s − 1 is shown in Fig. 3(a) . A stress overshoot followed by a viscous flow approaching a steady state can be seen in the curves obtained at the temperatures ranging from 355°C to 415°C. The extrusion deformation behavior in the temperature range is characterized by approximately steady-state flow, implying a homogeneous deformation mode. In addition, the load to maintain the steady flow at each temperature can be obtained from the curves, which are gathered in Table 1 . It can be seen that the load decreases continuously with the increase of the testing temperature. Moreover, the ductility of the BMG increases remarkably as the temperature up to 395°C. Fig. 3(b) shows the load-displacement curves obtained at 395°C under the different strain rates. It can be seen that all the curves exhibit a steady-state flow, but the load for the steady flow is dependent on the strain rate. When the strain rate is in range of 1 × 10
, the strain rate has a slight influence on the load for the steady flow. However, when the strain rate increases up to 5 × 10
, the load increases significantly, which is about 4 kN. To clear illustrate the effects of the temperature and strain rate on the extrusion behavior of the BMG, the steady-flow stress (the load divided by the sectional area of the extrusion die) as the function of the temperature was plotted in Fig. 4 . At the strain rate of 5 × 10
, the steady-flow stress decreases with the increasing the temperature, but there is a clear turning point at 395°C in the curve. The steady-flow stress reduces markedly when temperature increase above 395°C.
Basically, the extrusion behavior of BMGs can be described by using the Backofen function as follows [10] ,
where m is the strain rate sensitivity exponent, ε̇is the strain rate, σ is the flow stress, and K is a constant. On the basis of the data in Table 1 , the plot of the flow stress (ln σ) as a function of strain rate (ln ε) at 395°C is shown in Fig. 5 . The strain rate sensitivity exponent (m) which closes to 1 can be obtained from the slope of the curve for the BMG. Kawamura et al. [7] have studied the deformation of BMGs in the supercooled liquid range. They found that the alloy deformed in the supercooled liquid range can exhibit a homogenous deformation mode, like a Newtonian fluid, which characterized by the strain rate sensitivity value (m) of ) is in a Newtonian flow mode. But when the BMG deformed at the temperature lower than 395°C, the deformation behavior became a non-Newtonian flow mode, which is confirmed by the stress overshot and the m value much lower than 1, as reported in Ref. [11] .
Conclusion
The extrusion behavior of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 BMG was studied in the present work. Good extrusion formability was observed under the relative low strain rates at the temperature more than 395°C. The BMG alloy was fully extruded without crystallization and failure within the range of T = 395-415°C. The deformation behavior of the BMG alloy in the supercooled region exhibit two different deformation modes, which depends on the extrusion temperature and strain rate. When the alloy was extruded at the temperature more than 395°C under the strain rate of 5 × 10 − 3 s − 1
, the deformation was in a Newtonian viscous flow mode, confirmed by the strain rate sensitivity value of 1.0. But when the BMG deformed at the temperature lower than 395°C, the deformation behavior became a non-Newtonian flow mode, which is confirmed by the stress overshot and the m value much lower than 1.
